Abstract. Non-small cell lung cancer (NSCLC) is a leading cause of cancer-associated mortality worldwide. Right open reading frame kinase 2 (RIOK2) and nin one binding protein (NOB1) are important accessory factors in ribosome assembly. In our previous study, RIOK2 and NOB1 were revealed to be highly expressed in NSCLC, and were associated with the clinicopathological characteristics of patients with NSCLC, i.e. TNM clinical stage, lymph node metastasis and differentiation. In addition, RIOK2 expression was correlated with NOB1. To further explore the mechanism and the RIOK2 and NOB1 signaling pathway, microRNA (miR) regulation was analyzed. The tumor suppressor miR-145 has been reported to be lowly expressed in numerous types of human cancer; in the present study, the expression levels of miR-145 were decreased in patients with NSCLC. Furthermore, RIOK2 and NOB1 were predicted to be the direct targets of miR-145 using bioinformatics software; this was further validated using a dual luciferase reporter assay. In addition, the protein expression levels of RIOK2 and NOB1 were inhibited in response to miR-145 overexpression, thus resulting in the suppression of cell viability, migration and invasion. These results suggested that RIOK2 and NOB1 may be potential targets in the treatment of NSCLC, and miR-145 may be considered a therapeutic inhibitor of both genes.
Introduction
Non-small cell lung cancer (NSCLC) is the most common type of human lung cancer, which is associated with high mortality and accounts for ~90% of lung cancer cases (1) . Due to its high mortality, there is a lack of effective treatments for NSCLC and the 5-year survival rate is very low. At present, the pathogenesis of NSCLC remains unclear; therefore, it is important to identify potential therapeutic targets.
Nin one binding protein (NOB1) is a subunit of the 19S regulatory particle of the 26S proteasome, which serves a crucial role in protease function and RNA metabolism (2) . Our previous studies demonstrated that NOB1 is overexpressed in NSCLC and is associated with TNM stage, lymph node metastasis and histopathological grade (3, 4) . Right open reading frame kinase 2 (RIOK2) is a member of the RIO family (5) , which has key roles in synthesis of the 40S ribosomal subunit and is essential for processing of 20S pre-ribosomal RNA (rRNA) to mature 18S rRNA (6, 7) . The results of our previous study indicated that NOB1 and RIOK2 are highly expressed in the tumor tissues of patients with NSCLC, and their expression profiles were revealed to be significantly associated with clinicopathological parameters, including TNM clinical stage, lymph node metastasis and differentiation. RIOK2 expression was also reported to be correlated with NOB1. These results suggested that NOB1 and RIOK2 may be potential targets for NSCLC therapy (8) .
MicroRNAs (miRNAs/miRs) are a class of endogenous short non-coding RNAs, which are ~22 nucleotides in length, that serve important regulatory roles by targeting mRNAs for cleavage or translational suppression in animals and plants (9, 10) . miRNAs have been reported as oncogenes or tumor suppressor genes, which regulate tumorigenesis and metastasis through targeting various genes that are abnormally expressed in cancer cells (11) . As a tumor suppressive miRNA, miR-145 has been reported to be decreased in numerous types of human cancer, including pancreatic cancer (12) , prostate cancer (13) , cervical cancer (14) , gastric cancer (15) , oral cancer (16), colorectal cancer (17) , breast cancer (18) , bladder cancer (19) and melanoma (20) . These previous studies have indicated that miR-145 may suppress the growth, migration and invasion of cancer cells, and inhibit tumorigenesis by targeting various genes that are abnormally expressed in tumors.
The present study aimed to explore the expression of miR-145 in NSCLC, and to investigate the regulatory effects of miR-145 on the expression of RIOK2 and NOB1. according to the manufacturer's protocol at a concentration of 50 nmol/l. A miR-145 sequence-scrambled RNA oligonucleotide was used as a miRNA negative control (miNC). miR-145 mimics, siRNAs and negative controls were designed and obtained from Biomics Biotechnologies Co., Ltd. (Nantong, China). The miRNA and siRNA sequences were as follows: miR-145 mimics sense, 5'-GUCCAGUUUUCCCAGGAAUC CCU-3' and antisense, 5'-AGGGAUUCCUGGGAAAACUG GAC-3'; miNC sense, 5'-GUACGGCUCUCACCUUCCAU AGU-3' and antisense, 5'-ACUAUGGAAGGUGAGAGCCG UAC-3'; RIOK2-targeted siRNA (siRIOK2) sense, 5'-CAA UCAAGCUUUAGAAGAAdTdT-3' and antisense, 5'-UUCU UCUAAAGCUUGAUUGdTdT-3'; and NOB1-targeted siRNA (siNOB1) sense, 5'-GGAACAAGACCCUGAAGAAdTdT-3' and antisense, 5'-UUCUUCAGGGUCUUGUUCCdTdT-3'. In addition, a siRNA with no homology with human genes was used as a siRNA negative control (siNC), the sequences of which were as follows: Sense 5'-UUCUCCGAACGUGUCACG UdTdT-3' and antisense 5'-ACGUGACACGUUCGGAGAA dTdT-3'.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from tissues and cells using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), whereas small RNA enriched with miRNAs was isolated using the mirPremier ® microRNA Isolation kit (SigmaAldrich; Merck KGaA, Darmstadt, Germany); these kits were used according to the manufacturers' protocols. Stem-loop RT-qPCR was performed to detect miR-145 expression according to a method previously described by Chen et al (21) using EzQuick™ miR-145 qPCR Detection Primer Set (Biomics Biotechnologies Co., Ltd.) and SYBR Green I (Thermo Fisher Scientific, Inc.); U6 small RNA was used as an internal control. RT-qPCR was conducted using the SuperScript ® III Platinum ® SYBR ® Green One-Step RT-qPCR kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. β-actin was used as an internal control. The thermocycling conditions were as follows: RT for 30 min at 42˚C; initial denaturation at 95˚C for 5 min, followed by 45 cycles of denaturation at 95˚C for 20 sec, annealing at 55˚C for 30 sec, and extension at 72˚C for 30 sec. The relative expression levels were evaluated using the 2 -∆∆Cq method (22) . The RT-qPCR primer sequences were designed as follows: RIOK2 forward, 5'-ACAACAGGCAAGATGGTCA-3' and reverse, 5'-GACGACAAGGCAATTAGATGAG-3'; NOB1 forward, 5'-ACATACCA GTTGGAAGCAGAG-3' and reverse, 5'-CAGGTTCTCAGGCTCACAAG-3'; β-actin forward, 5'-CCACACCTTCTACAATGAG-3' and reverse, 5'-ATAGC ACAGCCTGGATAG-3'; miR-145 forward, 5'-ACACTCCAG CTGGGGTCCAGTTTTCCCAGGA-3' and reverse, 5'-GTG CAGGGTCCGAGGT-3'; and U6 forward, 5'-AACGCTTCA CGAATTTGCGT-3' and reverse, 5'-CTCGCTTCGGCAGC ACA-3'.
Dual luciferase reporter (DLR) assay.
TargetScan online software (http://www.targetscan.org/) was used to predict the miR-145-binding sites of RIOK2 and NOB1. Subsequently, RIOK2 (accession no. NM_018343, 111-1,769 sites) and NOB1 (accession no. NM_014062, 59-1,297 sites) human cDNA sequences (obtained from National Center for Biotechnology Information GenBank; https://www.ncbi.nlm. nih.gov/genbank/) of the predicted miR-145-binding regions in RIOK2 and NOB1 mRNA were inserted into pGL3 vectors (Promega Corporation, Madison, WI, USA) to obtain the following DLR vectors: Wild-type (wt)-plasmid (p) RIOK2-or wt-pNOB1-3' untranslated region (UTR), which were used to evaluate miR-145 activity. In addition, mutant (mt)-pRIOK2-or mt-pNOB1-3'UTR vectors were constructed as negative controls, in which the miR-145-binding sites were scrambled. Briefly, 1x10 5 293 cells/well were plated in a 24-well plate and cultured for 24 h at 37˚C in a humidified incubator containing 5% CO 2 . Subsequently, to determine the effects of miR-145 on RIOK2 expression, 80 ng/well wt-or mt-pRIOK2-3'UTR and 50 nmol/l miR-145 mimics or miNC were cotransfected into 293 cells using Lipofectamine ® 3000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 48 h. To observe the effects of miR-145 on NOB1 expression, wt-or mt-pNOB1-3'UTR and miR-145 mimics or miNC were cotransfected into 293 cells. pRL-TK (Promega Corporation) was cotransfected into cells of each group as an internal control. Firefly and Renilla luciferase activities were measured 48 h post-transfection using the DLR assay system (Promega Corporation) according to the manufacturer's protocol.
Western blot analysis. A549 and H1299 cells were seeded into 6-well plates and cultured for 24 h. Following cell transfection for 48 h, cells were collected and lysed in protein lysis and extraction buffer (Thermo Fisher Scientific, Inc.) on ice. The lysates were then centrifuged at 13,800 x g for 20 min at 4˚C and the protein concentration was determined by bicinchoninic acid assay (Promega Corporation). Subsequently, proteins (50 µg) were separated by 10% SDS-PAGE and electroblotted onto polyvinylidene difluoride (PVDF) membranes (EMD Millipore, Billerica, MA, USA). Subsequently, the membranes were blocked with 1% bovine serum albumin (Sangon Biotech Co., Ltd., Shanghai, China), and incubated with anti-RIOK2 (1:1,000; cat. no. ab172717), anti-NOB1 (1:1,000; cat. no. ab228985) and anti-β-actin antibodies (1:5,000; cat. no. ab8226) (all from Abcam, Cambridge, MA, USA). β-actin was used as an internal control. After washing with Tris-buffered saline with 0.1% Tween-20 (TBST), the PVDF membranes were incubated with the following horseradish peroxidase-conjugated secondary antibodies: Goat anti-mouse immunoglobulin (Ig)G (1:2,000; cat. no. ab205719) for RIOK2 and NOB1; goat anti-rabbit IgG (1:2,000; cat. no. ab205718) for β-actin (all from Abcam) for 1.5 h at room temperature. Finally, membranes were washed with TBST and the specific proteins were detected using an enhanced chemiluminescence substrate (Thermo Fisher Scientific, Inc.). The blots were semiquantified using ImageJ (v1.45) software (National Institutes of Health, Bethesda, MD, USA).
Cell viability assay. An MTT Cell Viability Assay kit (Thermo Fisher Scientific, Inc.) was used to measure cell viability. Briefly, the cultured A549 and H1299 cells were plated into a 96-well plate at 5x10 3 cells/well and were grown to ~75% confluence over 24 h at 37˚C. Following transfection for 0, 24, 48, 72 and 96 h, the medium was removed and replaced with 100 µl fresh DMEM, and 10 µl 12 mmol/l MTT solution was added to each well. A negative control well containing 100 µl medium only was treated with 10 µl MTT solution. Following incubation at 37˚C for 4 h, 100 µl SDS-HCl (0.01 mol/l) solution was added to each well, mixed thoroughly and incubated at 37˚C for 4 h. Finally, each sample was mixed again and absorbance was measured at 570 nm using a microplate reader.
Cell migration assay. The Transwell assay was used to measure cell migration. Briefly, 1.5x10 5 A549 or H1299 cells/well were seeded into a 24-well plate and grown for 24 h. After transfection for 48 h, the cells were suspended in DMEM at a density of 1x10 6 cells/ml. The Transwell chambers (Corning Incorporated, Corning, NY, USA) were initially incubated with DMEM at 37˚C for 1 h; an 8-µm pore polycarbonate membrane separated the upper and lower chambers. Subsequently, 100 µl cell suspensions were added to the upper chamber, whereas 600 µl DMEM containing 10% FBS and conditioned medium (1:1 dilution) was added to the lower chamber. Conditioned media were obtained from the cultures of A549 or H1299 cells, which were transfected with miR-145 or miNC for 48 h. Post-incubation for 24 h at 37˚C, the cells on the top surface of the membrane were carefully removed using a cotton swab, whereas cells on the bottom surface were fixed in 10% formaldehyde for 30 sec and stained with 0.5% crystal violet solution. After washing with PBS, the cells on the top surface of the membrane were carefully removed again. Cells on the bottom surface of the membrane were observed and counted under a microscope (Nikon 90i; Nikon Corporation, Tokyo, Japan).
Cell invasion assay. Cell invasion was detected using Transwell chambers coated with Matrigel. The assay was performed using the same protocol as for the cell migration assay, with the exception that the 8-µm pore polycarbonate membrane was coated with 50 µl 0.5 mg/ml Matrigel (BD Biosciences, Franklin Lakes, NJ, USA).
Statistical analysis.
All experiments were performed independently at least three times. Data are presented as the means ± standard deviation. Statistical analyses were performed using SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA); Spearman's correlation analysis was used to conduct correlations analyses. Significance between multiple groups was evaluated by one-way analysis of variance followed by a Dunnett post hoc test. Comparisons between two groups was performed by Student's t-test. All P-values are based on two-sided statistical analyses; P<0.05 was considered to indicate a statistically significant difference.
Results

Expression levels of RIOK2, NOB1 and miR-145 in samples from patients with NSCLC.
The mRNA expression levels of RIOK2 and NOB1 were detected in 30 NSCLC tumor tissues and paired adjacent non-tumor lung tissues using RT-qPCR. The results demonstrated that the mRNA expression levels of RIOK2 and NOB1 were increased in tumor tissues compared with in non-tumor lung tissues (P<0.05; Fig. 1A and B) . In addition, miR-145 expression was detected in tumor tissues by stem-loop RT-qPCR; the results indicated that the expression levels of miR-145 were decreased in tumor tissues compared with in non-tumor lung tissues (P<0.05; Fig. 1C ). Spearman's correlation analysis revealed that miR-145 was negatively correlated with RIOK2 and NOB1 expression (RIOK2, r=-0.886, P<0.05; NOB1, r=-0.893, P<0.05) (Fig. 2) .
miR-145 targets the 3'UTR regions of RIOK2 and NOB1
mRNA. As predicted by TargetScan online software, RIOK2
and NOB1 each possess a miR-145-binding site, at position 423 in RIOK2 mRNA and position 161 in NOB1 mRNA. The following DLR vectors: wt-RIOK2 or NOB1-3'UTR, and mt-RIOK2 or NOB1-3'UTR, were constructed in order to verify the inhibitory effects of miR-145 (Fig. 3A) . Following cotransfection of 293 cells with miR-145 mimics and wt-RIOK2 or NOB1-3'UTR, a marked decrease was observed in luciferase activity, as compared with in cells cotransfected with miNC and mt-RIOK2 or NOB1-3'UTR (P<0.05, Fig. 3B and C) .
Expression of RIOK2, NOB1 and miR-145 in NSCLC cells.
The expression levels of RIOK2, NOB1 and miR-145 were detected in various NSCLC cell lines by RT-qPCR. The results demonstrated that the mRNA expression levels of RIOK2 and NOB1 were increased in NSCLC cells (A549, H1299, H1975 and H1650) compared with in the normal human lung cell line BEAS-2B (P<0.05; Fig. 4A and B) . In addition, the expression levels of miR-145 were decreased in NSCLC cells (A549, H1299, H1975 and H1650) compared with in the normal human lung cell line BEAS-2B (P<0.05; Fig. 4C ). A549 and H1299 cells were selected as an NSCLC cell model for subsequent functional assays. Post-transfection of cells with miR-145 mimics, miR-145 expression was markedly increased compared with in the miNC-transfected cells (P<0.05; Fig. 4D ).
Effects of miR-145 mimics and siRNAs against RIOK2 and NOB1 expression on NSCLC cells. The expression levels of RIOK2 and NOB1 were detected following transfection of NSCLC cells with miR-145 mimics, siRIOK2 and siNOB1 using western blotting. The results demonstrated that the protein expression levels of RIOK2 and NOB1 were inhibited by miR-145 overexpression in A549 and H1299 NSCLC cells compared with in miNC-transfected cells (P<0.05; Fig. 5A ). Furthermore, RIOK2 protein expression was significantly inhibited by siRIOK2, whereas NOB1 protein expression was significantly inhibited by siNOB1, as compared with in the siNC-transfected groups (P<0.05; Fig. 5B ).
Inhibitory effects of miR-145 on NSCLC cell growth may be mediated by RIOK2 and NOB1. An MTT assay was used to investigate the inhibitory effects of miR-145 or siRNAs on NSCLC cell growth. miR-145 markedly inhibited the growth of A549 and H1299 cells at 72 and 96 h compared with the miNC-transfected cells (P<0.05; Fig. 6A and B) . In addition, cell growth was reduced in cells transfected with siRNAs that target RIOK2 or NOB1 compared with in siNC-transfected cells (P<0.05; Fig. 6C and D) .
Inhibitory effects of miR-145 on NSCLC cell invasion and migration may be mediated by RIOK2 and NOB1.
Transwell assays were used to evaluate the effects of miR-145-mediated RIOK2 and NOB1 inhibition on NSCLC cell migration and invasion. miR-145 transfection significantly decreased A549 and H1299 cell migration and invasion compared with in miNC-transfected cells (P<0.05; Figs. 7 and 8 ).
Discussion
Human NSCLC is the leading cause of cancer-associated mortality in patients worldwide (23) . However, the molecular mechanism underlying NSCLC occurrence and development remains unclear (24) , and NSCLC is thought to be caused by numerous complex factors, including the aberrant expression of various tumor suppressor genes (25) . The human NOB1 gene, which comprises nine exons and eight introns, is located on human chromosome 16q22.1; NOB1 encodes a 50-kDa protein, which comprises a PilT amino terminus domain and a zinc ribbon domain, and is predominantly expressed in the liver, lung and spleen (26) . NOB1 functions as an oncogene, which is overexpressed and has important roles in various types of human cancer, including ovarian cancer (27) , hepatocellular carcinoma (28), breast cancer (29) , glioma (30), thyroid carcinoma (31) and prostate cancer (32) . In our previous study, it was revealed that NOB1 is highly expressed in NSCLC (3), and its expression in patients with NSCLC may be significantly correlated with clinical parameters, including TNM stage, lymph node metastasis and histopathological grade, thus suggesting it may be a biomarker of NSCLC. RIOK2 is a member of the RIO family (5), which is highly expressed in various tumor types (33) . Our previous study demonstrated that RIOK2 is also increased in NSCLC tissues and its expression is positively correlated with NOB1 (4, 8) . Therefore, RIOK2 and NOB1 may be considered potential targets for NSCLC therapy.
In recent years, miRNAs have been suggested for use as clinical therapeutic agents for the treatment of human cancer (34, 35) . Notably, miRNAs are able to directly suppress gene expression with low toxicity and few side effects. In the present study, the expression levels of the tumor suppressor miRNA, miR-145, were decreased in NSCLC tumor tissues, whereas RIOK2 and NOB1 were increased in NSCLC tumor tissues. Furthermore miR-145 expression was negatively correlated with RIOK2 and NOB1. The 3'UTR regions of RIOK2 and NOB1 mRNA were reported to contain miR-145-binding sites according to online software, and the inhibitory activities of miR-145 against these genes were validated by a DLR assay. Furthermore, in NSCLC cells (A549, H1299, H1975 and H1650), the expression profiles of RIOK2, NOB1 and miR-145 were similar to those in NSCLC tumor tissues, particularly in A549 and H1299 cells compared with in the normal lung cell line BEAS-2B. Subsequently, post-transfection with miR-145 mimics, the endogenous expression of miR-145 was increased in A549 and H1299 cells, whereas the expression levels of RIOK2 and NOB1 were markedly inhibited. These results indicated that miR-145 may possess therapeutic potential, and may be able to decrease RIOK1 and NOB1 expression in patients with NSCLC. NOB1 is an endonuclease that catalyzes the processing of 20S pre-rRNA to mature 18S rRNA, and regulates ribosome assembly (36) . RIOK2 is located at the center of the pre-ribosomal particle, interacts with numerous assembly factors, including NOB1, and directly binds to ribosomal protein (Rps)5, Rps14 and Rps15, which is required for 20S cleavage. Notably, RIOK2 acts as a master-regulator of the NOB1-dependent 20S cleavage step. NOB1 can interact with Rps5 and Rps14, both of which are required for the 20S pre-rRNA cleavage step (37, 38) . The interaction between RIOK2 and NOB1 was previously confirmed by a reverse pull-down assay (39) . Ribosomal proteins serve important roles in cell cycle progression (6) , and the inhibition of NSCLC cell viability, migration and invasion may be induced via modulation of cell cycle progression induced by RIOK2 and NOB1 downregulation. The present study confirmed that the viability, migration and invasion of A549 and H1299 NSCLC cells were markedly inhibited post-transfection with miR-145 mimics; these effects may be mediated by miR-145-induced inhibition of RIOK2 and NOB1.
In conclusion, the present study suggested that RIOK2 and NOB1 may be considered biomarkers in NSCLC, and may be potential targets for clinical NSCLC therapy. Furthermore, miR-145 may possess therapeutic potential, due to its ability to inhibit both genes.
